The objective of the current series of experiments was to assess the effects of dietary synchrony of OM and N supply to the rumen, achieved by altering the sequence of feeding individual ingredients and in diets with different energy sources, on the metabolism and performance of growing lambs. In Exp. 1, the in situ degradability coefficients of OM and N were determined for five feed ingredients and subsequently was used to formulate two diets, based either on barley or sugar beet pulp, to have a similar predicted nutrient content. Within each diet, specific ingredients were shifted between the 0900 and 1600 feeding to provide either a synchronous, intermediate, or asynchronous supply of OM and N to the rumen. In Exp. 2, these diets were fed at a restricted level to 48 growing lambs with an initial live weight of 25.1 ± 4.22 kg and a slaughter weight of 41.4 ± 1.94 kg. There was no significant effect of dietary treatment on live weight gain or feed conversion efficiency. Lambs fed the synchronous diets deposited more kidney knob and channel fat than lambs on the asynchronous or intermediate diets (P < 0.05), whereas lambs fed the barley-based diets deposited more carcass (P < 0.05) and noncarcass (P < 0.001) fat
Introduction
Current diet formulation systems for ruminants (AFRC, 1993; NRC, 1996) assume a 24-h time scale for calculating dietary supply of energy and protein. While this methodology may be convenient, some (Johnson, 1332 than lambs on the sugar beet-based diets. Lambs fed the asynchronous diets retained less energy over the course of the experiment than lambs on the intermediate or synchronous diets (P < 0.05), and had a lower energy efficiency (0.079, 0.097, and 0.093 MJ retained/ MJ of intake, respectively, P < 0.05). Lambs fed the barley-based diets retained more energy than lambs on the sugar beet-based (P < 0.001) and had a higher energy balance (0.095 vs. 0.084 MJ retained/MJ intake, respectively; P < 0.01). Plasma ammonia concentrations mirrored ruminal ammonia concentrations on the barley-based diets, but not sugar beet-based diets. In Exp. 3, lambs fed the sugar beet-based diets had a higher digestibility of OM and NDF (P < 0.001). By contrast, lambs on the barley-based diets had a higher level of purine derivative excretion and microbial N production (P < 0.001). The results indicate that neither dietary synchrony nor energy source significantly influenced growth rate. However, both the asynchronous and sugar beet pulp-based diets resulted in a lower efficiency of dietary energy use, and the avoidance of asynchronous patterns of nutrient release within the rumen can improve energy efficiency in growing lambs.
1976; Sinclair et al., 1993) have suggested that advantages may exist when synchronizing the hourly release of energy and N in the rumen. Studies with sheep (Sinclair et al., 1995; Trevaskis et al., 2001 ) and dairy cows (Kim et al., 1999) indicate an improvement in microbial efficiency and yield when provided with synchronous diets. By contrast, other authors have reported no significant effect on microbial growth or that dietary energy supply was more influential than synchrony (Henning et al., 1993; Shabi et al., 1998) . At a tissue level, certain studies have shown an improvement in synchronizing hourly energy and N supply to the rumen (Witt et al., 1999a,b) , whereas others have not (e.g., Kolver et al., 1998; Witt et al., 2000) .
In the majority of these studies, nutrient supply was manipulated by infusing soluble energy and N sources directly into the rumen or by choosing ingredients with differing rates of ruminal release. The use of soluble carbohydrates has been criticized due to the effect on the ruminal population (Kim et al., 1999) and often results in a lactic fermentation that leads to a reduction in the yield of ATP to the microbes (Strobel and Russell, 1986) . Similarly, the use of different ingredients may alter microbial or tissue metabolism due to some aspect other than the pattern of dietary nutrient supply.
The objective of the current series of experiments was to assess the effects of dietary synchrony of OM and N supply, achieved by altering the sequence of feeding individual ingredients and in diets with different energy sources, on the metabolism and performance of growing lambs.
Materials and Methods
The experiments described in this paper were conducted in accordance with the requirements of the Animals (Scientific Procedures) Act 1986.
Experiment 1. In Situ Characterization of Foods
Animals and Basal Diet. Four ruminally cannulated wether sheep, approximately 5 yr of age, with an average live weight (mean ± SD) of 79 kg ± 4.5 kg were housed in individual slatted floor pens (2 × 1.5 m) under continuous lighting with free access to water and mineral lick blocks (Baby Rockies, Tithebarn Ltd., Merseyside, U.K.). The basal diet contained (g/kg of DM) winter wheat straw, 347; winter barley, 173; unmolassed sugar beet pulp, 134; rapeseed meal, 155; malt distillers dark grains, 156; and vitamin and mineral premix, 35 (Trouw Intensive Lamb, Trouw U.K., Cheshire, U.K.) and was predicted to supply 10.0 MJ of ME/kg of DM and 158 g of CP/kg of DM. The diet was fed in two equal portions at 0900 and 1630, to a level of 1.1× maintenance energy requirements according to AFRC (1993) recommendations.
Incubation Procedure. The feedstuffs used were winter wheat straw (Cherwell Valley Silos, Banbury, Oxfordshire, U.K.), winter barley, unmolassed sugar beet pulp (Trident Feeds, Peterborough, U.K.), rapeseed meal, and malt distillers dark grains (United Distillers, Edinburgh, U.K.). Feeds were prepared and incubated according to the method described by AFRC (1992) . Samples of each feed were ground through a 2-mm screen and material less than 45 µm was removed by hand sieving. Approximately 5.0 g of DM of each test food was accurately weighed into synthetic bags with a pore size of 40 µm. The bags were then placed into the rumen 30 min after the morning feeding and removed after intervals of 2, 4, 6, 8, 12, 24, 48, 72, or 96 h. Following incubation, the bags and contents were washed through the cold rinse cycle of a domestic washing machine. In addition, synthetic bags containing samples of feed that had not been incubated in the rumen were washed through the same cycle to provide a measure of the rapidly soluble component. After washing, bags and contents were dried in an oven at 60°C and reweighed. Sufficient bags of each feed ingredient were incubated to provide a pooled residue of approximately 7 g of DM for each incubation time for each sheep.
Calculation of the Degradability Coefficients and Synchrony Index. Degradability coefficients were calculated by fitting the data obtained for N and OM to the first order model of Ørskov and McDonald (1979) :
where p is the cumulative amount degraded at time t, a is the readily soluble fraction, b is the fraction potentially degraded in the rumen, c is the constant rate of degradation of b and t is in h. In order to determine the presence of a lag phase, the data were also fitted to a first-order model containing a lag phase:
where a, b, and c are as described above and t 0 is the lag phase (h). The effective extent of degradation (P) was calculated hourly using the equation:
where k is the fractional outflow rate of solids from the rumen. For components that contained a lag phase, degradation was calculated as:
from lag time onwards
Because of the difficulty in determining the rate and extent of N degradability in wheat straw due to microbial attachment, the degradability coefficients presented by Sinclair et al. (1993) were used. Urea was assumed to have a soluble fraction (a) for N of 0.90 with the remaining 0.10 being degraded at a rate (c) of 0.5 per h.
The quantity of N and OM degraded each hour for each feed ingredient from each feeding time was calculated as the difference between that degraded at successive hours and allocated to the appropriate hour of the day (Sinclair et al., 1993 ; e.g., the quantity degraded between the 26th and 27th h of degradation from a meal given in the first hour of the day was allocated to the third hour of the day). From the hourly quantity of N and OM degraded, a synchrony index of N to OM was calculated as described by Sinclair et al. (1993) :
24 25 where 25 = 25 g of N/kg of OM truly digested in the rumen, which is assumed to be the optimal ratio (Czerwaski, 1986) . A synchrony index of 1.0 represents perfect synchrony between N and OM release throughout the day and values less than 1.0 indicate the degree of asynchrony. The daily quantity of N and OM degraded was calculated as the sum of the hourly quantities degraded.
Experimental Diet Formulation. Using the raw material proximate analysis and the determined degradability coefficients, two diets were formulated, one based on barley (B), and one on unmolassed sugar beet pulp (P), to have similar predicted ME, CP, and metabolizable protein (MP) contents (AFRC, 1993) . Within each diet, the pattern of ingredient provision was altered to give three different treatments, one synchronous (S) one intermediate (I), and one asynchronous (A). The formulation assumed that the animals were fed in two equal meals at 0900 and 1600, a DM intake of 1.0 kg/d, and had a ruminal outflow rate of 0.05/h (AFRC, 1993) .
The formulation and proximate analysis of the experimental diets and pattern of individual component allocation within each diet are presented in Tables 1 and  2 . Lambs on synchronous treatments (BS and PS) received equal quantities of each raw material in each feed. Those on intermediate treatments (BI and PI) received the more slowly degradable protein source (rapeseed meal) in the morning feed, and the more rapidly degradable protein sources (malt distillers grains and urea) in the evening feed. Animals fed the asynchronous treatments (BA and PA) received all of the major protein sources (rapeseed meal, malt distillers grains, and urea) in the morning feed. Therefore, for each energy source, three treatments were produced that were identical in terms of the quantity of each raw material and predicted nutrient supply on a daily basis, but differed in the hourly pattern of N and OM release within the rumen. Predicted ratios of N:OM release in the rumen are presented in Figure 1 . Those animals on the synchronous diets were predicted to experience a relatively constant ratio of dietary N:OM supply to the rumen (approximately 23 g of N/kg of OM) for most of the day, with postfeeding maximals of approximately 36 g of N/kg of OM in those lambs fed the barley-based diets and 46 g of N/kg of OM in those lambs fed the sugar beet-based diets. Lambs on the intermediate diets were predicted to experience a smaller increase in N:OM released after the morning feed and a higher maximal after the evening feed than those on the synchronous diets. Those fed the asynchronous diets were predicted to have the highest maximal ratio after the morning feed (52 and 63 g of N/kg of OM for the barley and sugar beet-based diets, respectively) and lower ratios after the evening feed (14 and 13 g of N/kg of OM for lambs on the barley-and sugar beet-based diets, respectively). The corresponding synchrony indices for treatments BS, BI, and BA were 0.86, 0.76, and 0.63, respectively, and for treatments PS, PI, and PA were 0.85, 0.76, and 0.61, respectively.
Experiment 2
Animals and Experimental Procedure. Fifty-six Suffolk cross ram lambs with an initial live weight (mean ± SD) of 25.1 ± 4.22 kg were used to determine the effects of dietary synchrony on growth, carcass characteristics, and nutrient balance. Lambs were stratified according ). This provided, on a total-diet basis (g/kg): Ca, 1.6; P, 0.58; Na, 6.0; and (mg/kg) retinal, 2.4; cholecalciferol, 0.33; 13; Fe, 26; Co, 1.3; Mn, 26; Zn, 33; I, 2; Se, 0.2. to live weight and randomly allocated to one of six dietary treatments (eight lambs per treatment) or to an initial slaughter group (eight lambs). Lambs were housed in individual slatted floor pens (2 × 1.5 m) under continuous lighting with free access to water. All diets were formulated using the same batch of ingredients described in Exp. 1 and were ground through a 2-mm screen to provide a similar physical form to the samples incubated in the artificial fiber bags. Lambs were weighed once weekly at 1400 with an electronic weigh crate (Tru-test EaziWeigh 2, Auckland, New Zealand) and the feeding rate was adjusted to ensure that they received sufficient diet for 175 g/d of live weight gain according to AFRC (1993) recommendations. Diets were offered in two equal meals at 0900 and 1600.
Upon reaching 40 kg of live weight, the lambs were sheared prior to slaughter. At slaughter, the lambs were stunned, bled, skinned, and eviscerated. All carcass components were collected and weighed individually. Gut fill was determined by weighing the alimentary canal before and after emptying, and the contents were discarded. Twenty-four hours after slaughter, the carcasses were weighed, and the kidneys, kidney knob, and channel fat were removed and weighed. Carcasses were then frozen at −20°C for subsequent analysis. The initial slaughter group was slaughtered on d 0 of the experiment and processed as described above.
At 35 kg of live weight (SD ± 2.8 kg), after having been on the experimental diet for a minimum of 6 wk, six sheep from each treatment were blood sampled at 0800, 1030, 1230, 1500, 1730, 1930 , and 2200. Blood samples were taken from the jugular vein by venipuncture into vacutainers containing the anticoagulants, lithium heparin, potassium oxalate, or potassium EDTA. Samples were centrifuged immediately, and the plasma harvested and stored at −20°C. Samples to be analyzed for ammonia were placed in an ice bath, centrifuged, and analyzed immediately. On reaching 38 kg of live weight (SD ± 2.2 kg), ruminal samples were taken via a stomach tube from four sheep per treatment. A total of six samples were taken over a 2-d period at 0800, 1030, 1230, 1500, 1730, and 1930 . The first 20 mL was discarded as being unrepresentative and the next 100 mL was collected. Samples were strained through a double layer of muslin, and the pH was taken immediately. The samples were then acidified using concentrated HCl to a pH of <3.0 and frozen at −20°C prior to analysis.
Experiment 3
Animals and Basal Diet. Twenty-four entire male Friesland lambs with an initial live weight (mean ± SD) of 28.0 kg ± 2.78 kg were used to determine the effects of energy source and synchrony on nutrient digestibility and microbial protein supply. Lambs were stratified according to live weight and randomly allocated to one of the dietary treatments described in Exp. 2. The experiment consisted of two 21-d periods. During each period, 12 lambs were housed in individual slatted-floor pens for 9 d of adaptation to the experimental diets before being transferred to metabolism crates for a further 5-d adaptation period and a 7-d collection period. Lambs were kept under continuous lighting with free access to water at all times. The diet formulations and feeding patterns were as described in Exp. 2, with the exception that all lambs received 1.0 kg/d of diet, offered in two equal meals. This allowance was equivalent to feeding a 28-kg lamb for 175 g of daily live weight gain (AFRC, 1993) . Total urine output was collected daily into vessels containing 100 mL of 1 M H 2 SO 4 to ensure a final pH of <3. Urine was filtered through glass wool, weighed, and water added to a final weight of 4.0 kg. The diluted urine was mixed thoroughly, and a subsample (approximately 60 mL) was taken and stored at −20°C prior to analysis. Total fecal output was collected daily with fecal collection harnesses, weighed, and a subsample (10%) was taken and stored at −20°C prior to analysis.
Chemical Analysis. Feed samples and residues from the synthetic fiber bags were analyzed for DM, ash, and N (AOAC, 1990) . Feed samples were also analyzed for NDF (Van Soest et al., 1991) , ether extract (EE), and GE (AOAC, 1990) . Frozen carcasses and noncarcass components were ground separately, once through a 13-mm screen and twice through a 4-mm screen in a whole carcass grinder (Wolfking model c160-uni, Loughton, Essex, U.K.). The ground samples were mixed thoroughly and subsamples were taken. Samples were freeze-dried and analyzed for ash, N, and EE. Gross energy content of the whole body was determined by calculation, assuming that CP and EE had energy values of 23.6 and 39.9 MJ/kg, respectively (AFRC, 1993) .
Analysis of plasma for NH 3 , urea, glucose and β-hydroxybutyrate (3-OHB) was carried out using a Bayer Technicon RA-1000 autoanalyzer (Bayer PLC, Strawberry Hill, Newbury, Berkshire) and the methods of Sigma Diagnostics (St. Louis, MO). Plasma insulin concentrations were determined using a 125 I-labelled insulin double-antibody RIA based on the method of Starr et al. (1979) . The assay was modified to use porcine insulin (I-3505, 24 IU/mg; Sigma Co. Ltd., Poole, U.K.), guinea-pig anti-porcine insulin, normal guinea-pig serum, and sheep anti-guinea-pig IgG (obtained as a gift from the Scottish Antibody Production Unit, Law Hospital, Carluke, Lanarkshire, U.K.). The [ 125 I ] porcine insulin solution was prepared using the cloramine T method (Greenwood et al., 1963) . The sensitivity of the assay at ED80 was 3.18 mIU/L. The interassay coefficients of variation for low-, medium-, and high-quality controls were 17.0, 8.1, and 11.0%, respectively, and the intraassay coefficients of variation for low-, medium-, and high-quality controls were 14.6, 8.2, and 10.1%, respectively. Ruminal VFA were analyzed according to the method of Ryan (1980) In situ degradability; a = soluble fraction, b = potentially degradable fraction, c = rate of degradation of the potentially degradable fraction, and nd = not determined.
Helium was used as the carrier gas and phenol as the internal standard. Ruminal ammonia was analyzed as described previously (Sinclair et al., 1993) . Urine was analyzed for purine derivatives according to the methods of Chen et al. (1990) for uric acid, xanthine and hypoxanthine and Chen et al. (1993) for allantoin. The daily output of purine derivatives in urine was calculated and used to estimate the amount of microbial N absorbed according to the method of Chen et al. (1992) .
Statistical Analysis. Growth rate was calculated by regression of live weight with time. Data from the lamb growth trial was analyzed by a 2 × 3 factorial arrangement using Genstat (VSN Int. Ltd., Oxford, U.K.) with main effects of energy source and synchrony between dietary energy and N release together with their interaction. The ruminal and plasma data were analyzed using repeated measures within Genstat, sample time, and its associated interactions forming the "within-animal" stratum and sample time and associated interactions with energy source and dietary synchrony forming the "within animal by time" stratum. Where there was a significant effect due to dietary synchrony, the data were further tested to determine linear and nonlinear relationships, and the data presented in the text. Statistical analysis of the in situ data were by ANOVA according to the model
where T = treatment and S = sheep. All data are presented as treatment means with either a SEM or a standard error of the difference (SED).
Results

Experiment 1. Proximate analysis and degradability
coefficients for the five feed ingredients tested are presented in Table 3 . Large differences between feeds were observed in their pattern of OM and N degradability, although no lag periods were observed for any component. Of the two main energy sources, barley had the highest proportion of rapidly soluble OM (a) and the highest rate of degradation (c) of the potentially degradable OM fraction (b). Of the major N sources, distillers grains had the highest rapidly degradable OM fraction (a) at 0.42 of total OM, but had a lower potentially degradable fraction (b) and a rate of degradation (c) very similar to that of rapeseed meal. However, the sum of the two fractions (a + b) was similar for each protein source (0.767 and 0.791 for distillers grains and rapeseed meal, respectively). Of the two major energy sources, sugar beet pulp did not contain a rapidly degradable N fraction (a) and had a slower rate of degradation (c) of the potentially degradable (b) fraction than winter barley. Of the two major protein sources, the rapidly degradable N fraction (a) of distillers grains was more than double that of rapeseed meal with mean values of 0.574 and 0.253, respectively. Rapeseed meal also had a slower rate of degradation (c) of the potentially degradable fraction (b) than distillers grains. Wheat straw had the lowest CP content and soluble N fraction of all the feed ingredients.
Experiment 2. The proximate analysis of the diets is presented in Table 2 . The CP content was similar between the two synchronous diets (BS and PS) at approximately 152 g/kg of DM. The highest CP concentrations were present in the morning (AM) asynchronous rations, with values of 244 for the barley (BA-AM) and 233 g/kg of DM for the sugar beet-based (PA-AM) rations, respectively. By contrast, the lowest values were obtained in the asynchronous evening (PM) rations, with values of 59 and 69 g/kg of DM for the barley (BA-PM) and sugar beet-based (PA-PM) rations, respectively. The AM and PM BI and PI rations had similar CP contents, ranging between 138 to 163 g/kg of DM. When the AM and PM meals were summed, the mean CP content of the six dietary regimens (BS, BI, BA, PS, PI, and PA) was very similar, with a mean value of 151 g/kg of DM. The levels of NDF were approximately 20% higher in the PS diets than the BS diets. The highest levels of NDF were in the two PM asynchronous rations, with values of 555 and 619 g/kg of DM for BA and PA, respectively, whereas the lowest values were in the two asynchronous AM rations, at 346 and 427 g/kg of DM for BA and PA, respectively. Gross energy levels were generally similar across all 10 rations, with a mean value of 17.6 MJ/kg of DM, with the lowest values of 16.7 and 16.6 in rations BI-AM and PA-PM, respectively.
There were no significant differences between dietary treatments in initial live weight, final slaughter weight, or final empty BW (Table 4) . Similarly, there was no effect (P > 0.05) of treatment on daily live weight gain, daily empty BW gain, or feed conversion efficiency. However, lambs on the synchronous treatments deposited more kidney knob and channel fat than those on the asynchronous treatments (mean values of 0.21 and 0.15 kg for BS and PS vs. BA and PA, respectively; P < 0.05), and lambs on the barley-based diets deposited more than those on the sugar beet-based diets (mean values of 0.21 and 0.15 kg, respectively; P < 0.01). Lambs on the sugar beet-based diets had a greater fleece weight (P < 0.05) and gut fill (P < 0.05) than lambs on the barley diets, whereas within the barley-based diets, lambs fed the synchronous diet tended to have a higher cold carcass weight than those fed either the intermediate or asynchronous diet (P < 0.1).
There were no significant differences due to degree of dietary synchrony or energy source in either the water or ash content (g/kg) of the carcass or noncarcass components (Table 4) . However, carcasses from lambs fed the asynchronous treatments tended (P = 0.07) to have a lower EE concentration than lambs on either the intermediate or synchronous treatments. Carcasses from lambs fed the barley-based diets had a significantly lower CP and higher EE content than lambs on the sugar beet-based diets with mean values of 175.2 vs. 179.3 g of CP/kg and 176.6 vs. 161.6 g of EE/kg, respectively. Similar to the effects on the carcass, noncarcass components from lambs on the barley-based diets contained less CP than those from lambs on the sugar beet-based diets (158.3 vs. 167.9 g/kg; P < 0.01), whereas EE concentration was higher (132.2 vs. 109.7 g/kg for the barley-and sugar beet-fed lambs, respectively; P < 0.001).
Calculated energy and N balances are presented in Table 5 . There were no significant differences in N retention due to dietary synchrony or energy source either on a daily basis or in terms of N retained/N intake. Lambs fed the asynchronous diets had a lower (P < 0.05) final GE content and retained less (P < 0.01) GE than lambs fed the intermediate or synchronous diets. Lambs fed the barley-based diets had higher (P < 0.01) GE intakes, higher (P < 0.01) final GE content, and retained more (P < 0.001) GE than lambs fed the sugar beet-based diets, although GE retained was not significantly different (P > 0.05) when expressed on a daily or empty body gain basis. There was also a significant interaction between dietary synchrony and energy source on GE retained. Within the barley-fed lambs, the highest GE retained value (176 MJ) was recorded in lambs fed the BS diet, whereas within the sugar beet-fed lambs, the highest value (145 MJ) was recorded in lambs fed the PI diet. Lambs on the asynchronous dietary regimen retained a lower proportion of energy intake than lambs on either the intermediate or synchronous diets (0.079, 0.097, and 0.093 MJ/MJ of intake for diets A, I, and S, respectively; P < 0.05), and lambs on the barley-based diets retained a higher proportion of energy intake than lambs on the sugar beet-based diets (0.095 vs. 0.084 MJ/MJ of intake, respectively; P < 0.01).
No energy effects (P > 0.05) were detected for ruminal pH; however, there was a time × synchrony interaction at 1930 when lambs fed the BS and SS diets had a lower (P < 0.05) ruminal pH than those offered the BA and PA treatments, although most of this effect could be attributed to lambs fed the BS treatment ( Figures  2ai and 2aii) . Ruminal fluid VFA concentrations were not affected by treatment, but increased with time (P < 0.05) and were lowest at approximately 45 mM prior to the feeding at 0800 before increasing steadily throughout the day to a mean concentration of approximately 75 mM at 1800 (Figures 2bi and 2bii) . The molar proportion of acetic acid was lower in lambs fed the barley-vs. sugar beet-based diets (P < 0.001; Table 6 ). By contrast, the proportion of butyrate was higher (P < 0.001) in animals fed the barley-vs. sugar beetbased diets.
There were no synchrony or energy main effects on ruminal NH 3 concentrations; however, time × synchrony and time × energy interactions were observed (Figures 3ai and 3aii ; P < 0.001). At 1030, lambs on the BS and PS or BA and PA diets had higher concentrations than those on the BI and PI intermediate diets (P < 0.001). At 1730, following the afternoon meal, lambs on either the synchronous or intermediate diets had higher ruminal NH 3 concentrations than lambs on the asynchronous treatments (P < 0.001). At 0800, lambs on the sugar beet-based diets had higher (P < 0.05) ruminal NH 3 levels, whereas at 1230 and 1730, lambs on the barley-based diets had higher concentrations (P < 0.05). Plasma NH 3 levels were greater (P < 0.001) for lambs consuming barley compared with those consuming sugar beet-based diets (Figures 3bi and  3bii ). There were also synchrony × time interactions on plasma NH 3 concentrations; at 1030 and 1230, lambs on the asynchronous treatments had higher concentrations (P < 0.001), whereas at 1730, lambs on the intermediate treatments had the highest concentration (P Table 6 . Mean ruminal pH, VFA concentration (mmol/L), and molar proportions (mmol/mol) in lambs fed diets based on either barley or unmolassed sugar beet pulp and offered in three patterns within a day to be either synchronous (S) < 0.01), although most of this effect could be attributed to lambs on the barley-based diet.
The daily variations in plasma urea concentrations are presented in Figures 3ci and 3cii . There was no effect (P > 0.05) of dietary synchrony or energy source on plasma urea concentrations; however, there was an effect of time (P < 0.001) and interaction between time and synchrony. At 0800, lambs on the asynchronous diets had lower (P < 0.05) concentrations than those on the intermediate or synchronous diets, whereas at 1230 and 1500, lambs fed the intermediate diets had lower (P < 0.05) plasma urea levels than those fed the synchronous or asynchronous diets.
There was no significant effect of dietary synchrony or energy source on plasma 3-OHB; however, there was an effect of time (P < 0.01), with the lowest concentration at 0800 (mean value of 0.28 mM). Plasma 3-OHB concentrations then increased steadily to a maximum of 0.68 mM at 1230, followed by a gradual decrease throughout the day (Figures 4ai and 4aii) . There was an effect of time and interaction between time and synchrony (P < 0.05) on plasma glucose concentrations. Overall, plasma glucose concentrations increased from a low prior to feeding at 0800 of approximately 4.6 mM to a high of 4.8 mM at 2200. At 1030, lambs fed the BS diet or the SA diet had their lowest plasma glucose concentrations of 4.3 and 4.2 mM, respectively ( Figure  4b ). Plasma insulin concentrations were not affected by dietary treatment, but there was an effect of time (P < 0.001), with the lowest concentrations occurring at 0800 prior to the morning feeding and increasing gradually with time (Figure 4c) . Experiment 3. Lambs on the sugar beet-based diets had higher OM and NDF digestibilities than lambs on the barley-based diets, with mean values of 0.67 and 0.63 kg/kg for OM and 0.62 and 0.43 kg/kg for NDF digestibility, respectively (P < 0.001; Table 7 ). However, within energy source, there were no significant effects of treatment on nutrient digestibility. Lambs fed the barley-based diets compared with the sugar beet pulpbased diets had a higher allantoin excretion (12.1 vs. 8.5 mM/d, respectively; P < 0.001), purine derivative excretion (14.4 vs. 10.6 mM/d, respectively; P < 0.001), and microbial N production (12.4 vs. 9.1 g/d, respectively; P < 0.001; Table 7 ).
Discussion
The hypothesis that dietary synchrony would alter lamb metabolism and performance was evaluated using diets that contained two different primary energy sources. Within these two sources, the same ingredients were used since it has been suggested that differences due to synchrony may be attributed to some aspect of the diet that had not been characterized (Trevaskis et al., 2001 ). The diets were formulated using the same ingredients as those used in situ since different batches of the same feedstuff can vary considerably in their chemical composition and degradability characteristics (Huntington and Givens, 1995; Vanzant et al., 1998) . Lambs were also fed at a restricted level to avoid different patterns of intake, and the same quantity of feed was provided in each meal since meal size has been shown to alter ruminal outflow rate and therefore the pattern and extent of degradation in the rumen (Gill, 1991) . Finally, within the barley-based diets, the allocation of barley was equal in both meals to minimize fluctuations in ruminal pH that are associated with the provision of a rapidly fermentable carbohydrate source (Witt et al., 1999a) . Experiment 1. The degradability coefficients calculated for the feedstuffs used in the current work were in agreement with previous studies. For example, Herrera-Saldana et al. (1990) reported that the soluble fraction constituted approximately 0.4 of barley DM, which is close to the 0.49 for OM reported here. However, the soluble N fraction in the barley was lower at 0.34 than the 0.6 reported by Herrera-Saldana et al. (1990) and 0.45 reported by Sinclair et al. (1993) , although values as low as 0.25 have been recorded (Tamminga et al., 1990) . Both the OM and N fractions of unmolassed sugar beet pulp showed similar patterns of degradation, with little or none rapidly degraded, and the potentially degradable fraction having a low rate of degradation; a result in agreement with the findings of Witt et al. (1999b) , but not AFRC (1993), who reported a value of 0.24. The degradability values of the N in distillers grains were characteristic of those reported in a number of other studies (e.g., Sinclair et al., 1993; Witt et al., 1999b) , with a significant proportion of the N being soluble (0.57), and the remaining N being degraded at a rapid rate. By contrast, rapeseed meal was characterized as having a relatively small soluble N fraction and a slower rate of degradation of the potentially degradable fraction. There were, however, some notable differences between the degradability coefficients reported here and in other studies. For example, Witt et al. (1999b) reported lag periods for OM in both wheat straw and rapeseed meal, whereas no lag periods were observed in the current work. The lag period is assumed to be the amount of time for cellulolytic bacteria to attach to the fibrous component of the feed (Akin, 1988) . The current results suggest that ruminal microbes were able to rapidly attach to the fiber contained in the straw and rapeseed meal.
Experiment 2. The mean growth rate in the current experiment of 186.0 g/d was similar to the predicted rate of 175.0 g/d (AFRC, 1993) , with no significant difference due to dietary synchrony. Results from previous studies in which the effects of pattern of ruminal nutrient supply were investigated have indicated an improvement in growth rate due to dietary synchrony in lambs when fed at a restricted level (Witt et al., 1999a) , but not when fed on an ad libitum basis (Witt et al., 1999b) . The provision of a synchronous vs. asynchronous pattern of nutrient supply in the current work did, however, significantly increase carcass and noncarcass lipid content and the efficiency of energy utilization (MJ retained/MJ of intake). These findings confirm those of earlier studies in growing lambs (Witt et al., 1999a,b) that show that the benefits of dietary synchrony are translated into an improvement in energy utilization. The provision of a high dietary energy:protein ratio has also been shown to result in a higher ether extract content in the empty BW (Ørskov et al., 1971) and supports this view. Further analysis of the data reveals that there was a linear effect of dietary synchrony on GE retained (P < 0.01) and final GE content (P < 0.05), but there was a nonlinear effect of dietary synchrony on energy balance (MJ/MJ), although most of this effect would appear to be attributable to lambs fed the PI diet. The reasons for the high energy efficiency of lambs Table 7 . Whole-tract apparent digestibility and microbial N production in lambs fed diets based on either barley or unmolassed sugar beet pulp and offered in three patterns within a day to be either synchronous (S fed this diet are unclear. The range of synchrony index predicted in the current experiment by altering the sequence of allocation of feed ingredients (0.61 to 0.86) was lower than we have previously reported when diet composition was altered (0.55 to 0.87; Witt et al., 1999b) . It is possible that there is a certain degree of synchrony above which no additional response is obtained, and that this may be influenced by the primary energy source. Kolver et al. (1998) suggested that the poor efficiency with which ruminant animals utilize N may be partially attributed to differences in the pattern of protein and energy absorption following a meal. Indeed, studies have shown a trend toward an increase in milk protein output in sheep by altering the timing of protein supplementation within the day (Witt et al., 2000) ; likewise abomasal infusion of VFA and casein in a pulsatile but synchronous pattern in sheep reduced urea irreversible loss rate and urea excretion (Randles et al., 2001) . However, there was no significant improvement in gross N usage due to dietary synchrony in the current work. Kim et al. (1999) also reported that a synchronous supply of energy to dietary N had no significant effect on urinary N excretion in dairy cows fed at a restricted level, although microbial protein synthesis was improved. A similar effect of improving microbial protein synthesis, but not affecting urinary N excretion, has been reported in growing lambs (Witt et al., 1999a; Trevaskis et al., 2001) . By contrast, Matras et al. (1991) reported that N retention was greater in lambs when the rate of energy and N supply to the rumen were synchronized.
Feeding studies that have been designed to investigate the effect of energy source on growth rate and feed conversion efficiency in lambs have produced conflicting results. For example, Normand et al. (1999) reported higher growth rates in lambs fed sugar beet diets than those fed wheat and barley. By contrast, Rouzbehan et al. (1994) and Witt et al. (1999b) reported a greater live weight gain and food conversion in lambs fed diets based on barley than those fed sugar beet pulp, and Hatfield (1997) reported an increase in food conversion with a greater content of barley in the diet. Other authors (Mandebvu and Galbraith, 1999) have reported no significant effect of energy source on growth rate or efficiency. Generally diets that contain a source of starch would be expected to result in an increase in the ruminal proportion of propionate and decrease in acetate (Bergman, 1990) . This increase in glucogenic precursors has been proposed to spare the need for glucogenic amino acids thus permitting a greater rate of growth and food conversion efficiency (MacRae and Lobley, 1986) . A decreased proportion of acetate was observed in the current work with lambs fed the barleybased diets, but it was butyrate rather than propionate that increased with little net effect on the ketogenic:glucogenic ratio. Chamberlain et al. (1985) and Huhtanen (1988) reported an increased ratio of butyrate when barley was provided to grass silage-fed cattle and indicated that this may have been due to high protozoal counts.
The increase in whole body fat deposition in lambs fed the barley vs. sugar beet-based diets may have been due to the significantly greater intake of gross and digestible energy in these animals. However, it is also possible that these effects were due to the energy source. In general, diets that contain a high content of fermentable starch are associated with an increase in carcass and noncarcass fat (Moloney, 1998; Mandebvu and Galbraith, 1999; Witt et al., 1999a) and increases in carcass yield and protein content (Mandebvu and Galbraith, 1999) . This effect has been attributed a lower ketogenic:glucogenic VFA ratio in starch-based diets, although, as discussed previously, the ketogenic:glucogenic ratio in the current work was little affected by dietary treatment. An alternative explanation to the increased fat content of barley-fed lambs is that the anabolism of acetate to fat has an obligatory requirement for reduced nicotinamide adenine dinucleotide phosphate and glycerol-3-phosphate (Annison and Armstrong, 1970) , and in ruminants, the substrates for production of these compounds are either propionate or glucogenic amino acids (MacRae and Lobley, 1986) . Therefore, an increased postruminal amino acid supply may also have the potential to allow for a more efficient conversion of acetate to fat. Therefore, it is of interest to note that microbial protein supply was significantly higher in lambs fed the barley-based diets.
Within the dietary constraints, it was not possible to keep the proportion of OM released in the rumen after the AM and PM feeding exactly the same for all diets. However, it was N release and the synchrony between N:OM that varied most between treatments and would be expected to be the major factor influencing ruminal ammonia concentrations (Sinclair et al., 1993; 1995) . Indeed, this appears to be the case, with the highest concentrations occurring postfeeding in the asynchronous AM and intermediate PM diets, although animals fed the BS diets had higher postprandial maximals than expected. At no point did ruminal ammonia fall below the recommended minimal concentration of 50 mg/L (Satter and Slyter, 1974) , although the increased recycling of urea to the rumen that has been reported with asynchronous diets (Holder et al., 1995) may have had an ameliorating effect. Despite the predicted ruminal release of N being greater with the barley-based than the sugar beet-based diets (Table 1) , an effect due to the higher proportion of the more rapidly degradable protein sources (urea and distillers grains), there was no difference (P > 0.05) in mean ruminal ammonia concentrations between energy sources. These findings are in contrast to Mandebvu and Galbraith (1999) , who reported increased ruminal ammonia concentrations with increasing ratios of barley:sugar beet pulp in the diet.
Unlike ruminal ammonia concentrations, there was a marked difference in plasma ammonia levels between energy source with levels generally following the predicted N release in barley-based, but not sugar beet pulp-based, diets. Ammonia produced in the rumen in excess of the ability to be incorporated by ruminal microbes is absorbed across the ruminal wall and converted to urea in the liver (Lobley et al., 1995) . High propionate concentrations are known to have a detrimental effect on the metabolism of ammonia postabsorption, which leads to increased plasma ammonia concentrations (Choung and Chamberlain, 1995) . However, the similarity in ruminal propionate levels between dietary treatments would suggest that this was not a major factor in the current work. Sugar beet pulp has been reported to be particularly efficient at absorbing liquids (Rouzbehan et al., 1994) , and any soluble component, such as ammonia, may therefore have had a reduced rate of absorption and could explain the results obtained here.
The consequences of high plasma ammonia levels obtained in lambs fed the BI or BA diets are variable. For example, Sinclair et al. (2000) reported a reduction in daily food intake in cattle in response to high plasma ammonia concentrations, although no such effect was observed here, with all animals observed to consume their feed allowance within 60 min of being fed. Transient high inputs of ammonia N have also been shown to stimulate amino acid utilization for ureagenesis, potentially reducing amino acid availability for protein anabolism (Orzechowsky et al., 1988) . However, more recent studies (Milano and Lobley, 2001) indicate that an increased utilization of amino acids is unlikely, and in the current work there was little difference in N utilization between dietary treatments. The hyperglycemia and inhibition of insulin release that have been associated with hyperammonemia (Fernandez et al., 1990; Sinclair et al., 2000) were not observed here. However, insulin was secreted in response to raised plasma concentrations of glucose post feeding (Grovum, 1995; Linington et al., 1998) . A postfeeding increase in glucose availability would usually be expected to result in a decrease in plasma 3-OHB concentration. However, in the current experiment, as in a number of previous studies with growing lambs (Carro et al., 1994; Witt et al., 1999a) , both glucose and 3-OHB increased postfeeding.
Experiment 3. The daily production of microbial N in Exp. 3 (10.7 g/d) was greater than that recorded by Witt et al. (1999a) , who reported a mean value of 6.0 g/d, but was similar to those reported by Henning et al. (1993) and Sinclair et al. (1993; 1995) in sheep fed at a similar level of intake. The greater purine derivative excretion and microbial N production in lambs fed the barley-based vs. sugar beet-based diets could be a reflection of the greater predicted OM release in the rumen (574 vs. 442 g/kg of DM for the barley-and sugar beet-based diets, respectively). Although there is general agreement that energy source is the primary influence on microbial protein production (Stern et al., 1978; Henning et al., 1993; Shabi et al., 1998) , there is some disagreement as to whether synchronizing dietary energy and protein supply to the rumen improves microbial protein growth. Henning et al. (1991; 1993) found no effect of dietary synchrony on microbial growth either in vitro or in vivo. However, other workers have found microbial growth rates or efficiency to be improved by dietary synchrony (Matras et al., 1991; Sinclair et al., 1993; 1995) . In the current experiment, there was no significant effect of dietary synchrony on microbial yield (g of N/d).
Implications
These results indicate that altering the synchrony between energy and N release in the rumen did not greatly influence growth rate or carcass composition. However, the efficiency of energy use (MJ retained/MJ fed) was significantly decreased by feeding an asynchro-nous dietary regimen. The results further indicate that there was no significant difference between two energy sources (barley or sugar beet pulp) when fed at a restricted level on lamb growth rate or feed conversion; however, lambs fed the barley-based diets had a greater carcass and noncarcass fat content and a more efficient use of dietary energy. The avoidance of asynchronous patterns of ruminal N and energy release, in combination with feeding a barley-based diet, improved the efficiency of nutrient use in growing lambs.
